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Introduction
Anemia prevalence in chronic kidney disease (CKD) increases as disease worsens, reaching 73% in children with stage 4 disease [1] . The appearance of this complication is associated with increased morbidity and mortality, as well as quality of life impairment [2] . Anemia of CKD is thought to be due to impaired renal erythropoietin (EPO) synthesis, since the kidney's tubulointerstitial cells are the main synthesis site for this hormone after birth [3] . Other factors that have been found to be impaired in CKD are iron homeostasis as well as deficiency of folic acid and vitamin B12. In addition, RBC life span is decreased in uremia [4] .
EPO is a 30 kDa glycoprotein, which facilitates normal erythropoiesis by enhancing the proliferation and differentiation of bone marrow erythroblasts, as well as inhibiting apoptosis [5] . The expression of EPO is significantly upregulated by hypoxia inducible factor (HIF) under hypoxic conditions [6] . HIF-2α is a major regulator of EPO, while HIF-1α is not [7] . However, in CKD there is no clear inverse correlation between anemia degree and EPO serum levels [8] , suggesting that other mechanisms are of importance beyond EPO deficiency.
The EPO receptor (EPOR) is a 65 kDa glycoprotein, which belongs to the class 1 cytokine receptor family. It is expressed on red blood progenitor cells, and plays (through EPO stimulation) a central role in the rapid expansion of erythroid progenitors in response to anemia and hypoxic stimuli in vivo [9] . EPOR activation by its ligand creates homodimers and starts a chain of signal transduction that involves JAK2 and STAT5 phosphorylation. The latter enters the nucleus and activates EPO responsive genes [10] .
The use of synthetic EPO-like molecules (erythropoiesis stimulating agents-ESA) has brought a major change in the management of CKD anemia [11] . However, many patients remain unresponsive to ESA, even after the correction of iron deficiency. Increasing ESA doses in these cases may be associated with side effects [12] . In adults, administration of high doses of ESA have been associated with death [13] . The main clinical factors associated with ESA resistance include inflammation, iron deficiency and hyperparathyroidism [14] .
We have previously shown a decrease in epiphyseal growth plate (EGP) GH receptor (GHR) signaling and vascularization in growth impaired CKD rats [15] . In addition, we have also shown an increase in renal inflammation (IL6, p-STAT3) in a 5/6 nephrectomy model of CKD [16] . Since both GHR and EPO-R signals are transduced through the JAK2-STAT5 pathway, the purpose of our study was to characterize the (renal) HIF-(renal) EPO-(bone marrow)-EPOR axis in anemic juvenile CKD rats.
Materials and methods

Animal experimentation
The experimental protocol was approved by the Ben Gurion University committee for animal experimentation, in adherence to the NIH Guidelines. Animals were housed in standard laboratory cages provided with normal rat chow (containing 200 mg/g iron and 0.7% phosphate) (Harlan Laboratories, Jerusalem, Israel) with free access to unlimited amount of tap water. No attempts at pair feeding were tried. In a first set of experiments, male Sprague-Dawley rats were divided into 2 groups: C vs. daily tail bleeding of 150 uL of blood per day for 7 days. Rats were then sacrificed after anesthesia with ketamine and xylazine, collecting: blood, kidney, proximal tibia (PT) (which includes the epiphyseal growth plate and the primary ossification center) and bone marrow aspirate.
In a second series of experiments Young (20 d) Sprague-Dawley rats were divided into 2 groups: C vs. CKD (by standard 5/6 nephrectomy). A single bolus of IV rhEPO (25 U/kg) was administered 5 minutes prior to sacrifice. This dose and injection regimen was chosen after a series of preliminary experiments conducted in control rats, entailing different doses and time of injection of rhEPO prior to sacrifice, to find the dosage and time interval that induce a submaximal increase in bone p-STAT5. Rats were sacrificed after 4 weeks from second surgery after anesthesia with ketamine and xylazine. Blood was drawn from the vena cava at sacrifice. Serum was separated and frozen at -80˚C. The right PT was removed and frozen in -80˚C for western blot analysis or real time PCR, while the left PT was fixed in 4% formalin for histological analysis. Kidney and a bone marrow aspirate were isolated for protein and mRNA analysis. Bone marrow cells were released by flushing of rat femur and tibia with cold sterile phosphate buffered saline (PBS). Cells were then pelleted and washed.
Immunoassays
Blood and urine samples were collected and frozen at -80˚C until analysis. Serum and urine biochemistries were analyzed by the Biochemistry laboratory of Soroka Medical Center (BeerSheva, Israel). Serum and urine creatinine concentrations were assessed using the standard Jaffe reaction. Urine albumin concentrations were measured using the "Microalbumin" method (Beckman-Coulter, CA, USA). Serum rat EPO (n = 7 in each group) was determined by specific enzyme-linked immunosorbent assay kit (Sigma-Aldrich, Saint louis, MO, USA) according to the manufacturer's instructions. The low detection limit was 0.07 ng/mL and the intra-and inter-assay coefficients of variation were <10 and 12%, respectively.
RNA extraction and real time-PCR
Total RNA was extracted from liver, kidney and bone marrow using the PerfectPure RNA Tissue kit (Gentra Systems, Minneapolis, MN, USA) and cDNAs were synthesized using highcapacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Quantitative real time PCR (qPCR) assays were performed with power SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA) as previously described [15, 17] , using the ABI Prism 7300 Sequence detection System (Applied Biosystems, Foster City, CA). Primers for quantification of Hepcidin, HIF-2 α, EPO, EPOR and β-actin (Sigma-Aldrich, Rechovot, Israel) are summarized in (Table 1) . Each sample was analyzed in triplicate in individual Table 1 . PCR primers list.
Gene
Forward Reverse
assays. The specificity of the reaction is derived by the detection of the melting temperatures (Tms) of the amplification products immediately after the last reaction cycle. The target genes expression value was calculated by the ΔΔct method after normalization with a housekeeping gene (β-actin). Bone marrow aspirates cells were first suspended in RNA Save solution (Biological Industries, Beit Haemek, Israel). The remaining analysis was similar to the above mentioned methods.
Western immunoblot analysis
Kidney, PT and bone marrow tissues were homogenized on ice with a polytron (Kinetica, Littau, Switzerland) in lysis buffer (50 mM Tris, pH 7.4, 0.2% Triton X-100) containing 20 mM sodium pyrophosphate, 100 mM NaF, 4 mM EGTA, 4 mM Na3VO4, 2 mM PMSF, 0.25% aprotinin and 0.02 mg/ml leupeptine. Extracts were centrifuged for 20 minutes at 17,000g at 4oC and the supernatants collected and frozen. The following antibodies were used for evaluation of the extracts: HIF-2 α (Novus Biologicals, Littleton, Colorado, USA). STAT5, EPO and EPOR (Santa Cruz Biotechnology, CA, USA), p-STAT5 (Tyr 694) (Cell signaling Technology Inc. Denvers, MA) and β-actin (MP Biomedical Solon, OH, USA). Homogenates were mixed with 5X sample buffer, boiled for 5 minutes, loaded in each gel lane and subjected to 7.5-10% SDS polyacrylamide gel, and electroblotted into nitrocellulose membranes. Blots were blocked for 1 hour in Tris buffered saline-Tween 20 (TBST) (0.05% Twin-20) buffer (10 mM tris, pH 7.4, 138 mM NaCl) containing 5% non-fat dehydrated milk, followed by overnight incubation with the antibodies diluted in TBST (0.05% Twin-20) containing 5% dry milk. The phosphorylated antibody was diluted in TBST (0.05% Twin-20) containing 5% BSA (MP Biomedical, Solon, OH, USA). After washing 3 times for 15 minutes in TBST (0.05% Twin-20), the blots were incubated with secondary antibodies conjugated with horseradish peroxidase for 1 hour at room temperature and then washed again 3 times. The band antibody was visualized by enhanced chemiluminescense (ECL; Amersham, Life Sciences Inc.) and exposed to KodakBioMax film (Eastman Kodak, Rochester NY, USA). Protein expression was quantitated densitometrically using Fluorchem software (Alpha-Innotech, California, USA). For bone marrow protein analysis, we used a RIPA buffer (Millipore, Billerica, USA) with protease inhibitor (Roche, Indianapolis, USA). The other steps of protein analysis were similar to the above mentioned methods.
Immunohistochemistry
The left tibia was fixed in 4% formalin and 5-μm-thick longitudinal sections were cut. For EPOR immunohistochemistry, deparaffinized, rehydrated sections were treated with 3% H2O2 for 15 min at room temperature to block endogenous peroxidase activity. The sections were washed with PBS before blocking with 2.5% normal horse serum (Vector laboratories Inc., Burlingame, CA, USA) for 1 h followed by overnight incubation in primary mouse antirabbit EPOR antibody (Santa Cruz Biotechnology California, USA) diluted 1:100 in the blocking serum. After incubation in primary antibody, sections were washed in PBS. Then they were incubated in appropriately diluted biotinylated secondary antibody for 10 min, washed with PBS, followed by incubation in streptavidin-peroxidase for 10 min and washed in PBS. The sections were subsequently incubated with buffered substrate solution (pH 7.5) containing hydrogen peroxide and 3,3-diaminobenzidine chromogen solution (Vector laboratories Inc., Burlingame, CA, USA). Sections were then dehydrated and mounted with permount and examined by light microscope. For the image processing Cellsense Entry software (MATI-MOP, Tel Aviv, Israel) was used.
Statistical analysis
Values along the manuscript are presented as means +/-standard errors. Two-tailed unpaired Student's t-tests were applied for comparison of two normally distributed groups. Comparisons between more than 2 normally distributed groups were made by one-way ANOVA. A p value < 0.05 was considered significant.
Results
Subtotal nephrectomy induced as expected renal insufficiency: elevation of serum creatinine (1.01±0.1 Vs 0.28±0.01 mg/dL) and urea, as well as albuminuria (208.9±9.3 Vs 60.7±16.1 mg/g creatinine, p<0.001). Comparison of baseline anemia parameters between the 7-days bleeding and the subtotal nephrectomy experiments are depicted in Table 2 : a similar mild anemia was induced in the blood loss group (hemoglobin concentration: 10.8±0.2 Vs 12.7±0.2 g/dL, p< 0.001), similar to the levels obtained 4 weeks after the induction of renal failure (11.4±0.3 Vs 13.5±0.3 g/dL, p< 0.001). However, hepatic hepcidin mRNA showed an opposite direction of change: contrary to a decrease after blood loss (0.32±0.1 fold of control, p<0.005), liver hepcidin mRNA increased in the CKD group (1.8±0.1 fold of C, p< 0.0001). In spite of the elevation in liver hepcidin, no changes were seen in red blood cell volume (MCV), serum iron or transferrin concentrations between C and CKD. Consistent with an appropriate response to anemia and tissue hypoxia, kidney HIF2 α protein was increased after the 7-days bleeding (187 ± 15% of C, Fig 1a) . In comparison, kidney HIF-2 α was unchanged in the CKD experiment (82.8 ± 22.3% Vs 100 ± 8% in CKD and C respectively, p = NS, Fig 1b) . Bone marrow HIF2 α was also increased in the bleeding experiment (161.2 ± 8.7% of C, p< 0.05, Fig 2a) , but was significantly decreased in the CKD experiment, at both protein and mRNA levels (Fig 2b  and 2c) . No differences were seen in kidney EPO mRNA or serum EPO levels in both experiments. However, bone marrow EPO protein (which totally reflects entrapped circulating EPO) was increased in the bleeding experiment (163.3 ± 15.4% of C, p< 0.05, Fig 3a) . In contrast, bone marrow EPO was unchanged in the CKD experiment (94±10.6% of C, p = NS, Fig 3b) . EPO receptor was unchanged in the bleeding experiment (Fig 4a) but significantly decreased in the CKD experiment, both at the protein (38.9±3.1% of C, p< 0.001, Fig 4b) and mRNA level (22.3±1.7% of C, p< 0.001, Fig 4c) . We then examined EPO-R expression and signaling in a proximal tibia (PT) samples, which included both the cartilaginous epiphyseal growth plate (EGP) and the primary ossification center (POC). EPO-R protein was similarly decreased in the CKD experiment (57.9±6.9% of C, p< 0.01, Fig 5a) . Immunohistochemistry showed a similar pattern of decreased immunostainable EPO-R (Fig 5b) in CKD. Control and CKD rats' PT EPO stimulated total and phosphorylated STAT5 were examined 5 minutes after a single 25 U/kg bolus of recombinant human EPO or saline, leading to 4 groups: C, C-EPO, CKD and CKD-EPO. This manipulation caused a significant increase in pSTAT5/STAT5 ratio in C-EPO Vs C (320.6 ± 31.9% of C, p<0.01). However, pSTAT5/STAT5 levels were unchanged in CKD Vs C or in CKD-EPO Vs CKD (Fig 5c) .
Discussion
Hypoxia is a major stimulus for HIF-2 α synthesis, which induces renal and hepatic EPO production, leading to increased serum EPO levels, stimulating then bone marrow erythropoiesis. This process needs a coordinated increase in intestinal iron absorption [18] . Intestinal lumen iron, in its ferrous form (Fe +2 ) is transported into the cytosol of enterocytes by divalent metal transporter-1 (DMT1), which is hypoxia inducible and HIF-2 regulated [19] . Absorbed iron is released from enterocytes into the circulation by ferroportin (FPN) and is then transported in complex with transferrin to liver, reticuloendothelial cells, bone marrow, and other organs. Transferrin is also HIF regulated, and hypoxia increases its serum levels. Hypoxia, low serum iron levels, and increased "erythropoietic drive" inhibit hepcidin synthesis in the liver (in a yet not fully understood pathway), resulting in diminished FPN cell surface expression in different tissues. As a result, more iron is released from enterocytes, hepatocytes, and reticuloendothelial cells. When intracellular iron levels are low, iron regulatory protein (IRP) inhibits HIF-2 translation and diminishes hypoxia-induced erythropoiesis. As shown here by us and previously by others, hepcidin is normally supposed to decrease in response to anemia and tissue hypoxia [20] . However, in CKD, hepcidin is known to be upregulated, as in other chronic inflammatory conditions [21] . Hepcidin suppression by the HIF pathway occurs indirectly through stimulation of EPO-induced erythropoiesis [22] . Hepcidin prevents intestinal iron uptake and cellular efflux by negatively modulating FPN. In spite of increased hepcidin in our CKD animals, no significant changes in serum iron or transferrin levels were seen (Table 2) , probably due to the high iron content (200 mg iron/kg diet) in the "regular" rat chow provided in this experiment [23] , or lack of enough time to induce iron deficiency by intestinal malabsorption. Future studies will need to address the effects of lower iron delivery or longer CKD exposure in order to investigate this aspect of uremic anemia.
In this work we show that the appropriate responses to anemia and tissue hypoxia (using repeated phlebotomies as the "gold standard") are deranged at several levels in this model of CKD in young rats: renal HIF2 α is not increased (Fig 1b) , circulating as well as bone marrow EPO (which reflects circulating EPO, since no EPO is synthesized in BM [5] ) is not increased. In addition, BM EPO-R expression is decreased and EPO stimulated bone STAT5 phosphorylation is inhibited. Serum EPO levels were also not increased in the bleeding experiment (Table 2 ). This may be due to additional factors controlling EPO synthesis in the rat, including the sympathetic nervous system [24] . Fig 2a) Vs control. Contrary to that, BM HIF2 α protein decreases in uremic (4 weeks after 5/6 nephrectomy) rats (Fig. 2b) . BM HIF2 α mRNA (Fig. 2c) shows a similar pattern.
Ã p<0.01 Vs C. 6-8 rats were used in each group.
https://doi.org/10.1371/journal.pone.0196684.g002
EPO production by renal interstitial fibroblasts is subject to modulation by several regulators of HIF2 α including Iron Response Protein-1 [25] , prolyl hydroxylases, and HIF2 α acetylases [26] . Hif-2α, one of two main Hif-α isoforms, is the critical regulator of EPO in the adult mouse. Missense mutations in HIF-2α have been shown to be a cause of erythrocytosis in humans [27] . The contribution of low grade inflammation of CKD to the inhibition of HIF2 upregulation (Figs 1 and 2) is an attractive hypothesis, as previously described in a recent model of EPO resistance in CKD rats [28] . We have also previously shown low grade inflammation in kidney tissue in a similar model of subtotal nephrectomy, manifested by elevated renal IL6, STAT3 and SOCS3 [16] . The possible correlation between CKD related low grade inflammation and HIF2 expression was shown by Suoma et al [29] . In their report, mice with prolyl hydroxylase (PHD)-deficient renal EPO producing cells also showed resistance to lipopolyscharide (LPS)-induced EPO repression in kidneys, suggesting that augmented HIF signaling counterbalances inflammatory stimuli in regulation of EPO production. Furthermore, in an animal model of inflammation induced functional iron deficiency and anemia (by use of peptidoglycan-polysaccharide), use of a HIF stabilizer (but not EPO injections) improved intestinal iron absorption and corrected anemia [30] .
This lack of increase in renal and BM HIF2α in uremia naturally leads to a lack of increase in EPO levels (Fig 3) . Garrido et al [31] describe an increase in circulating EPO as well as renal and liver EPO mRNA in a rat model of CKD related anemia. Anemia in this model appeared already after 3 weeks from uremia induction. However, responses to this anemic state were assessed after 12 weeks of uremia, contrary to our shorter term model (4 weeks). We were not able to show changes in renal EPO protein or mRNA, as well as circulating or bone marrow EPO. Bone marrow EPO protein levels must reflect circulating EPO as this protein is not synthesized in bone marrow [32] . In accordance to that, BM EPO was increased in our anemic control animals (Fig 3a) . The anemic effects of low BM EPO levels in CKD may have been accentuated in our model by the low levels of BM EPO-R (Fig 4b and 4c) . In the control anemic state EPO-R is not changed (Fig 4a) . The expression of EPO-R is stringently regulated and is at a low level (1100 EPORs per primary human EPO producing cell and 300 per late-stage (Fig 3a) . Contrary to that, BM EPO protein does not change in uremic (4 weeks after 5/ 6 nephrectomy) rats (Fig 2b) . The lower panel shows a representative gel. 6-8 rats were used in each group.
https://doi.org/10.1371/journal.pone.0196684.g003 erythroblast) [33] . Most of the data on EPO-R regulation, including its substantial upmodulation when EPO is limited and marked down-modulation upon EPO exposure come from in vitro studies [34] . In one of our previous in vivo studies [16] , renal GH receptor was also suppressed in spite of low GH availability. In spite of concerns about the reliability of current antibodies to determine EPO-R expression, we provide evidence also from mRNA (Fig 4c) and bone immunohistochemistry (Fig 5b) .
The effects of low EPO and low EPO-R in bone marrow on uremic anemia are further augmented when EPO stimulated EPO-R intracellular signaling was examined: contrary to the normal expected response of increased STAT5 phosphorylation after EPO stimulation, we observed no such increase in CKD animals. A similar inhibition of GH stimulated liver JAK-STAT signaling in an animal model of uremia has been shown by Schaefer et al [35] , due to an increase in SOCS2 molecules. We have also shown such upregulation of SOCS2 in bone tissue in a model of CKD related growth retardation [15] . However, a similar inhibiting molecule for EPO driven JAK-STAT signaling has not been identified. EPOR response genes include ERFE, (Fig. 4a) . Contrary to that BM EPO-R protein decreases in uremic (4 weeks after 5/6 nephrectomy) rats (Fig. 4b) . BM EPO-R mRNA (Fig. 4c) shows a similar pattern.
https://doi.org/10.1371/journal.pone.0196684.g004
Spi2A, and MASL1. As a secreted TNF related cytokine, ERFE completes a circuit between EPO action, and regulation of systemic iron levels [36] . In summary, we describe here a multilevel derangement in normal response to hypoxicanemic signals in this rat model of CKD related anemia, both at the HIF-EPO-EPOR pathway in addition to the previously described abnormal hepcidin-iron regulatory response. The latter leads to abnormal iron absorption and mobilization and is known to be affected mostly by the known increased inflammation of uremia. The recent emergence of HIF stabilizer as means for both increases in endogenous EPO production as well as decrease in liver hepcidin [28] is a new alternative to the commonly therapeutic armamentarium that included so far mostly iron supplementation and exogenous EPO therapy. Our findings suggest that anti-inflammatory agents may play an additional role in this major CKD complication. Future studies are needed in order to analyze whether this is due to a single mechanism or as complex response to the accumulation of different uremic toxins. Fig. 5a) and immunohistochemistry  (Fig. 5b) . EPO-R protein levels are depicted as a percentage of their actin-corrected concentrations). 6-8 rats were used in each group. Ã p<0.001 Vs C. Immunohistochemistry shows the epiphyseal growth plate (EGP) and the primary ossification center (POC). Immunostainable EPO-R appears unchanged in the POC but is decreased in the EGP, which includes the proliferative (P) and hypertrophic (H) chondrocytes. The PT lysate was assessed for EPO stimulated STAT5 phosphorylation (Fig. 5c ) in control and uremic (CKD) rats. Animals received a single bolus of IV rhEPO (25 U/kg) or saline, 5 minutes prior to sacrifice. The lower panel shows a representative gel. 6-8 rats were used in each group.
Ã p< 0.01 Vs C. 
